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In Brief T cell-APC interactions modulate outcomes in chronic viral infections, but the division of labor between APC subtypes is unclear. Chang et al. reveal a dichotomy in costimulatory molecule expression whereby CD80 and CD86 are expressed mainly on classical DCs, and monocyte-derived APCs provide TNF family ligands for the post-priming accumulation of CD4 + T cells.
INTRODUCTION
During persistent viral infections, such as those induced by human immunodeficiency virus (HIV) in humans or lymphocytic choriomeningitis virus clone 13 (LCMV13) in mice, the failure to establish viral control early during infection leads to rapid exhaustion of the immune system (Barber et al., 2006; Odermatt et al., 1991; Wherry and Kurachi, 2015; Zajac et al., 1998) . How well the immune system contains the virus at the onset of infection determines the viral set-point from which the extent of exhaustion and disease progression can be predicted (Li et al., 2009; Rosenberg et al., 1997) . Early T cell responses are regulated by multiple factors, including access of T cells to antigens, cytokines, and costimulatory and coinhibitory signals (Clouthier and Watts, 2015; Snell and Brooks, 2015; Wherry and Kurachi, 2015) . How and when different antigen-presenting cell (APC) subtypes contribute these factors is incompletely understood (Brewitz et al., 2017; Kim et al., 2014) . Tumor necrosis factor receptor (TNFR) superfamily members including OX40, 4-1BB, and glucocorticoid induced TNFR family related (GITR), are upregulated upon TCR signaling to provide nuclear factor of kB (NF-kB)-dependent survival signals to sustain T cell responses (Chen and Flies, 2013; Clouthier and Watts, 2014) . In view of their potential as therapeutic agents (Chen and Flies, 2013; Schaer et al., 2014) , a key question is how these inducible costimulatory TNFRs contribute to control of chronic viral infection in the context of increasing T cell exhaustion. TNFRs have diverse effects in control of chronic LCMV infection (Clouthier and Watts, 2015) . For example, mice deficient in Tnfrsf4 (which encodes OX40) or Tnfrsf18 (which encodes GITR) exhibit impaired control of LCMV13, defects that persist through the chronic stage of infection (Boettler et al., 2012; Clouthier et al., 2015) . In contrast, 4-1BB plays a more limited role in control of chronic LCMV13 due to desensitization of the 4-1BB signaling pathway in exhausted T cells (Wang et al., 2012) . Although GITR can directly stimulate virus-specific CD8 + T cells (Clouthier et al., 2014; Snell et al., 2010) , the effects of endogenous GITR on CD8 + T cell control of LCMV13 are largely indirect, through effects on CD4 + T cells, which in turn provide IL-2-dependent help for the CD8 + T cell response (Clouthier et al., 2015) . Anti-GITR agonist antibody delivered at the chronic stage of infection reduces viral load (Clouthier et al., 2014) and constitutive transgenic expression of GITR ligand (GITRL) results in early viral clearance (Pascutti et al., 2015) . Thus, the GITR costimulatory pathway is largely controlled by the availability of its ligand.
Here we showed that type I interferon (IFN-I) coordinately induced high surface expression of the TNF family ligands GITRL, 4-1BBL, OX40L, and CD70 but lower levels of the B7 family members CD80 and CD86 on inflammatory monocytederived APCs during the early stages of viral infection. In contrast, while classical DCs (cDCs) expressed high surface expression of CD80 and CD86 in an IFN-I-dependent manner, they expressed lower levels of TNF family ligands than inflammatory APCs. Thus IFN-I-dependent induction of costimulatory molecules was cell type specific. We found that myeloid-derived APCs were important providers of the GITRL costimulatory signal and that GITR-dependent signals in CD4 + T cells could be segregated from early T cell activation to regulate the expression of other TNFRs (OX40, HVEM), cytokine receptors (CD25, CD127), and the chemokine receptor CX3CR1. Thus, monocyte-derived APCs, characterized by high TNF family ligand surface expression and low to moderate CD80 and CD86 expression, have a critical function in early control of LCMV13 to provide GITRL for the post-priming accumulation of CD4 + T cells.
RESULTS

B7 and TNF Family Ligands Are Expressed Dichotomously on Classical DCs versus MonocyteDerived Inflammatory APCs
GITRL is induced on F4/80 + CD11b hi cells early during LCMV infection (peak day 2), with minimal expression on B and T cells (Clouthier et al., 2014) . However, CD11b and F4/80 are expressed among subsets of cDCs, monocyte-derived APCs, as well as macrophages (Segura and Amigorena, 2013) . To further resolve these populations, we devised an 11-parameter flow cytometry panel to delineate six major APC subsets during LCMV13 infection ( Figure S1A ). Staining of non-T cell, non-B cell, non-plasmacytoid DC (pDC) populations for CD64 and the high-affinity IgE receptor, known as FcεR1, distinguishes monocyte-derived inflammatory APCs (inflammatory APCs) from cDCs and macrophages (Langlet et al., 2012; Plantinga et al., 2013; Segura and Amigorena, 2013 Figure S1A ). Scatter parameters, transcription factors, and surface markers further confirmed the identities of these APC subsets ( Figure S1B ). Inflammatory macrophages and red pulp macrophages were more granular (higher SSC) than cDCs and inflammatory DCs. The inflammatory APC populations were distinct from cDCs in lacking the signature transcription factor Zbtb46 ( Figure S1B ; Murphy et al., 2016; Satpathy et al., 2012) , whereas inflammatory macrophages were distinguished from inflammatory DCs by expression of the macrophage marker MerTK ( Figure S1B ; Gautier et al., 2012) . PD-L1 hi , CD39 + , CD95 + monocyte-derived inducible regulatory DCs accumulate with establishment of chronic LCMV infection (Cunningham et al., 2016; Wilson et al., 2012) . However, at the early stages of infection relevant to the current study, we did not observe CD39 or CD95 double-positive cells characteristic of these inducible regulatory DCs among any of the subsets examined ( Figure S1B ). Moreover, inflammatory APCs did not show preferential expression of the inhibitory ligand, PD-L1, compared to cDCs (Figure 1A) , which also distinguished them from inducible regulatory DCs (Cunningham et al., 2016; Wilson et al., 2012) . cDCs had the highest mean fluorescent intensity (MFI) of MHC II, CD80, and CD86 staining whereas the inflammatory APCs had intermediate expression and red pulp macrophages had the lowest MFI of CD80 and CD86 at day 2 after LCMV13 infection ( Figure 1A ). In contrast, the MFI of TNF family ligands, GITRL, 4-1BBL, OX40L, and CD70 was highest on the inflammatory APCs and consistently lower on cDCs ( Figure 1B) . We used separate panels to distinguish pDCs from natural killer (NK) cells (Figures S1C and S1D) and neutrophils from inflammatory APCs ( Figure S1E ). pDCs expressed only minimal levels of the four TNF family ligands ( Figure S1D ), and GITRL expression on neutrophils was similar to that on cDCs (data not shown) and substantially lower than that on inflammatory APCs ( Figure S1E ).
To further investigate the dichotomy in TNF versus B7 family ligand expression on cDCs versus inflammatory APCs, we costained cells for costimulatory molecules, MHC II, and the monocyte marker Ly6C. CD80 hi versus CD80 int GITRL hi subsets showed a dichotomy in costimulatory molecule expression. CD80 hi APCs had the highest MFI of MHC II and CD86 staining after LCMV13 infection but low expression of Ly6C and TNF family ligands. Conversely, GITRL hi APCs had the highest MFI of Ly6C as well as 4-1BBL, OX40L, and CD70 but lower expression of MHC II, CD80, and CD86 ( Figure 1C ). To determine whether this was a general feature of viral infection, we also monitored TNF family ligand expression on APC subsets in the lung draining (mediastinal) lymph node following infection with influenza A/Puerto Rico/8/1934 H1N1 (PR8) virus. Similarly to LCMV13 infection, GITRL and 4-1BBL were preferentially expressed on inflammatory APCs compared to cDCs during influenza infection (data not shown). Again, GITRL hi cells had a higher MFI for Ly6C and 4-1BBL compared to CD80 hi cells and CD80 hi cells expressed higher CD86 and MHC II than the GITRL hi cells ( Figure 1D ). These findings demonstrate that there is differential expression of B7 and TNF family proteins between cDCs and inflammatory APCs during the early stages of both a chronic and an acute viral infection.
GITRL Expression Peaks at Day 2 after Infection and then Is Downregulated below Baseline
Focusing on GITRL, we next asked whether differences in expression kinetics explained the difference in TNF family ligand (A-C) Splenic APC subsets from D2 p.i. with LCMV13 were analyzed by flow cytometry using the gating strategies described in Figure S1A for (A) CD80, CD86, MHCII, and PD-L1 and (B) GITRL, 4-1BBL, OX40L, and CD70. Right: representative histograms. Abbreviations are as follows: InfDC, inflammatory DCs; InfMF, inflammatory macrophages; cDCs, classical DCs; and RPMF, red pulp macrophages. Left: summary plots reflect mean ± SEM of 6-9 mice pooled from 2-3 independent experiments. (C) GITRL hi and CD80 hi subsets from CD3 À CD19 À B220 À splenocytes were analyzed by flow cytometry for MHCII, CD86, Ly6C, 4-1BBL, OX40L, and CD70. Data are displayed as mean ± SEM, from 6 mice pooled from 2 independent experiments. (D) Mice were infected intranasally with influenza A/PR8 and draining LNs analyzed on D3 p.i. Gating on CD80 hi or GITRL hi populations was conducted as in (C).
Representative histograms are shown at left and summary data shown at right for 6 mice pooled from 2 independent experiments. dMFI refers to the MFI for the specific antibody stain minus the FMO control. MFI** reports the raw MFI for MHC II stain. Two-tailed, non-parametric paired t test was used for statistical analysis for all experiments. See also Figure S1 . Figure S1A . Results show the mean ± SEM of 6 to 9 mice pooled from at least 2 independent experiments. Two-tailed, non-parametric paired t test was performed against D0 p.i. (B) Total mRNA was extracted from splenocytes harvested at D0 to D21 p.i. and the indicated genes analyzed by qPCR. Expression is normalized to Gapdh and displayed as fold change relative to D0 p.i. Each symbol shows mean ± SEM pooled from 3 mice. (C-F) Thioglycolate-elicited macrophages (TG MF) were harvested from mouse peritoneal cavity for in vitro culture. (C) TG MF were treated with IFN-a4, -b, or -g at 0-100 U/mL for 24 hr and analyzed for GITRL expression by flow cytometry with summary data and representative histograms shown.
(D) TG MF were pre-treated with 10 mg/mL of IFNAR blocking antibody or isotype control 1 hr prior to culturing with 0 or 100 U/mL of IFN-a4 or IFN-b for 24 hr, followed by flow cytometry analysis of GITRL expression. (E) TG MF pre-treated in vitro with 25 U/mL of IFN-b for 24 hr were placed in fresh media with either 0 or 25 U/ml of IFN-b. GITRL expression was analyzed at 0, 24, and 48 hr following change of media.
(legend continued on next page) expression on cDCs versus inflammatory APCs. GITRL protein peaked at day 2 post-infection (p.i.), with highest and indistinguishable MFI on the two inflammatory APC subsets before declining to below baseline by day 8 p.i. (Figure 2A ). Minimal levels of GITRL were observed, albeit with similar kinetics, on cDCs and F4/80 À CD11b + myeloid cells. We observed a similar pattern of GITRL protein expression in the liver, albeit with slightly delayed kinetics ( Figures S2A and S2B ). Of note, Tnfsf18 message (encoding GITRL) in the spleen was upregulated shortly before the protein and followed closely the expression of Ifna, Ifnb1, and interferon-stimulated gene (Isg)15 ( Figure 2B ). The similar pattern of GITRL surface expression on different APC subsets suggested a common mechanism of induction.
IFN-I Coordinately Regulates TNF Family Ligand Expression during LCMV13 Infection
The findings that Ifna and Ifnb1 expression slightly preceded and that Isg15 showed the same kinetic profile as Tnfsf18 suggested that GITRL could be regulated by IFN-I. Therefore, we measured IFN-dependent induction of GITRL on thioglycolate-elicited peritoneal macrophages ex vivo. IFN-b and IFN-a4 each induced dose-dependent GITRL surface expression ( Figure 2C ), dependent on binding to the IFN-I receptor (IFNAR1) ( Figure 2D ). Similarly, 4-1BBL, OX40L, and CD70 were also inducible by IFN-I ( Figure S2C ), dependent on IFNAR1 ( Figure S2D ). In contrast, IFN-g only weakly induced GITRL protein ( Figure 2C ). Washout of IFN-I from the cultures led to a rapid decline in GITRL levels ( Figure 2E ). To determine whether LCMV13-mediated induction of GITRL was also IFN-I dependent, we pre-treated the thioglycolate-elicted macrophages with anti-IFNAR1 antibodies. At this low multiplicity of infection (MOI = 0.1) and with the attenuated GFP variant of LCMV13, the level of infection was similar with and without anti-IFNAR ( Figure 2F , left) and anti-IFNAR abrogated GITRL induction by LCMV ( Figure 2F , right).
Transcriptional induction of Tnfsf18 was tested in RAW264.7 cells using a luciferase reporter driven by 2 kb of Tnfsf18 promoter. Luciferase activity was observed upon treatment of cells with IFN-a4 and to a lesser extent IFN-b, whereas IFN-g minimally induced Tnfsf18 reporter expression. Deletion of an $200 bp segment, predicted to contain signal transducer and activator of transcription (STAT) 5, interferon regulatory factor (IRF) 7, and interferon stimulated response element response factor (ISRE) 7 binding elements, largely abrogated the IFN-Idependent signal ( Figure 2G ).
To determine whether IFN-I was required for LCMV-mediated induction of the TNF family ligands in vivo, mice were treated with isotype control or anti-IFNAR1 blocking antibody at days À1 and 0 p.i. and GITRL protein level was monitored at its peak (day 2 p.i.). There was a marked reduction in the MFI of GITRL across APC subsets, except for DC1 and DC2, where expression of GITRL was already low ( Figure 3A) . The expression of 4-1BBL, OX40L, and CD70 during LCMV infection was also substantially blocked in most APC types by anti-IFNAR1 treatment in vivo (Figure 3A) . Thus, IFN-I coordinately induced several TNF family ligands on APCs during LCMV13 infection, with enhanced induction on inflammatory APCs. CD80 and 86 expression on cDCs was also IFNAR dependent during LCMV13 infection, although MHC II expression was enhanced by IFNAR blockade (Figure S2E) . A substantially higher proportion of APCs were infected by LCMV13 following IFNAR blockade ( Figure S2F ), consistent with higher viral load. Thus increased MHC II expression on cDCs and inflammatory APCs ( Figure S2E ) as well as increased OX40L and CD80 on inflammatory DC after IFNAR blockade (Figures 3A and S2E) might be due to interferon-independent effects of viral PAMPs.
We next asked whether differences in TNF family versus B7 family induction on APCs could be due to different levels of IFN-I signaling on different APC subtypes. pDCs had the highest MFI of IFNAR1 pre-infection and the highest MFI of phospho-STAT1 (pSTAT1) post-infection compared to other APCs ( Figures 3B and 3C ). However, pDCs expressed only marginal surface levels of TNF family ligands ( Figure S1D ). Thus the overall ability to respond to IFN-I did not explain the dichotomy in costimulatory molecule expression on different APC subsets and cell type-specific effects of IFN-I likely resulted in different IFNinduced genes in different APC subsets. Consistently, pDCs, cDCs, and inflammatory APCs sorted from infected mice at day 1 p.i. showed distinct expression patterns of IFN-I-induced genes ( Figures S3A and S3B ). Taken together, the above data demonstrated that while IFN-I is a general regulator of both B7 and TNF family molecule induction on APCs, its effects are cell type specific, with IFN-I preferentially inducing B7 family proteins on cDCs and higher surface expression of the four TNF family ligands on monocyte-derived APCs.
Several Mechanisms Contribute to GITRL Downregulation after LCMV13 Infection
The expression of GITRL is highly transient. This may be explained in part by the dramatic downregulation in splenic IFN-I levels after the first 24 hr of infection ( Figure 2B ). However, IFN-I signaling is known to persist to the chronic stage of infection (Teijaro et al., 2013; Wilson et al., 2013) . Therefore, we asked whether there are additional reasons that GITRL is not expressed at late time points. Infusion of IFN-b at day 5 and 8 p.i. failed to induce GITRL ( Figure S3C ). The lack of persistent high-level signaling through IFNAR could be explained in part through receptor downregulation (Figure S3D; de Weerd and Nguyen, 2012) . In addition, directly infected inflammatory APCs had lower levels of pSTAT1 compared to bystander APCs ( Figure S3E inflammatory APCs. At day 2 p.i., as noted previously (Macal et al., 2012; Zuniga et al., 2008) , pDCs showed preferential infection by LCMV13. However, by day 5 p.i. up to 70% of the inflammatory APCs were infected with LCMV13 ( Figure S3F ). Thus, downregulation of IFN-I and its receptor, as well as direct infection of APCs, may collectively explain the downregulation of GITRL after the first few days of LCMV13 infection.
Inflammatory APCs Are Inferior at T Cell Priming Compared to cDCs
We next asked whether the inflammatory APCs could present antigen to the CD4 + T cells. We sorted four subsets of APCs from infected mice and examined their ability to activate naive T cells from mice expressing a TCR specific for A b and LCMV GP61-80 (SMARTA mice). SMARTA T cells were stimulated ex vivo in the presence or absence of exogenous peptide (Figure S4A) . The ability of the sorted APC populations to induce division of naive CD4 + T cells in the absence of exogenously added peptide reflects their acquisition of antigens in vivo. Both in the presence and absence of added GP61-80 peptide, the isolated cDCs from infected mice were the most potent APCs in inducing division of naive SMARTA T cells. In contrast, co-cultures of CD4 + SMARTA cells with inflammatory DCs or inflammatory macrophages exhibited delayed CD4 + T cell proliferation and red pulp macrophages had limited ability to induce SMARTA cell division ( Figures S4B and S4C ). These data showed that despite expressing high levels of TNF family ligands, inflammatory APCs had inferior T cell priming activity compared to cDCs. Nonetheless, the inflammatory APCs were able to acquire antigen in vivo and present it to CD4 + T cells ex vivo. As primed T cells are more receptive to low antigen load, we hypothesized that GITRL on inflammatory APCs contributes to post-priming signals through GITR on already primed T cells.
GITR Signals in Virus-Specific CD4 + T Cells Occur after Priming
To test the hypothesis that GITRL on inflammatory APCs contributes to T cell responses after priming, we adoptively transferred a 1:1 mix of Tnfrsf18 +/+ and Tnfrsf18 À/À (GITR-deficient) CD45.1 SMARTA T cells into CD45.2 C57BL/6 mice followed by LCMV13 infection and used GITR expression to distinguish transferred CD45.1 + Tnfrsf18 +/+ and Tnfrsf18 À/À SMARTA T cells within the same mouse ( Figures 4A and 4B ). We monitored 4-1BB and CD69 levels as markers of early T cell activation ( Figure 4C ), as well as phosphorylated NF-kB p65 (pNF-kB p65) and phosphorylated-ribosomal protein S6 (pS6) ( Figure 4D ), a downstream target of the metabolic checkpoint kinase mTORC1, previously shown to be induced following GITR signaling in vivo (Clouthier et al., 2015 Figure 4C ). pNF-kB p65 and pS6 levels were similar in Tnfrsf18 +/+ and Tnfrsf18 À/À SMARTA T cells up to 12 hr p.i., but showed divergence by 24 hr. These differences persisted to at least 72 hr ( Figure 4D ). Thus, GITR-dependent changes in pNF-kB and pS6 levels were detected with delayed kinetics compared to the time when the majority of the Ag-specific T cells were initially activated. These results suggest that GITR signaling is a postpriming event. mice and allowed us to determine the CD4 + T cell-intrinsic effects of GITR signaling. The purity of the samples was demonstrated by the >2,000-fold decrease in Tnfrsf18 expression in the Tnfrsf18 À/À samples compared to the Tnfrsf18 +/+ samples (Table S1 ) and this was independently validated by real-time PCR which showed <0.5% Tnfrsf18 expression relative to Tnfrsf18 +/+ samples ( Figure S5B ).
GITR Induces Multiple Genes to Sustain T Cell Survival
Genes with a fold change >1.2 in either direction and false discovery rate (FDR) < 0.2 included 735 differentially expressed genes, 393 downregulated and 342 upregulated in the absence of GITR in SMARTA CD4
+ T cells at day 3 after LCMV13 infection (Figures 5B and 5C and Table S1 ). Genes with >1.5-fold change downstream of GITR costimulation in CD4 + T cells included those with known functions in a diverse spectrum of cellular processes, such as metabolism, chemotaxis, cell cycling, cytoskeleton rearrangement, cell survival, and death ( Figure 5C and Table S1 ). Expression was confirmed at the protein level for several surface molecules ( Figure 5D ). OX40 was undetectable on resting SMARTA cells, as expected (Croft, 2010) , but increased on Tnfrsf18 +/+ compared to Tnfrsf18 À/À SMARTA cells at day 3 p.i. (Figures 5D and S5C ). The TNFR family member Herpes virus entry mediator (HVEM) is normally present on resting cells and downregulated with T cell activation (Croft, 2009) . HVEM can negatively regulate T cells by binding B and T lymphocyte attenuator (BTLA) (Sedy et al., 2005; Wang et al., 2005) . Tnfrsf18
T cells were less efficient in HVEM downregulation than the Tnfrsf18 +/+ T cells ( Figures 5D and S5C ). As Tnfrsf18 and Tnfrsf4 (encoding OX40) are closely linked on chromosome 4, effects of Tnfrsf18 deletion could be due to disruption of the closely linked Tnfrsf4 gene rather than directly due to GITR signaling. Thus, we tested anti-CD3 plus anti-GITR agonist treatment of WT B6 T cells and found increased OX40 levels compared to anti-CD3 plus Rat Ig control, confirming that OX40 is regulated by GITR signaling ( Figure S5D ).
We also observed higher expression of the IL-2Ra subunit CD25 on Tnfrsf18 +/+ compared to Tnfrsf18 À/À SMARTA cells after LCMV13 infection ( Figures 5D and S5C ), consistent with a role for IL-2 in the GITR-dependent response to LCMV13 (Clouthier et al., 2015) . IL-7R is normally downregulated in effector T cells (Schluns and Lefranç ois, 2003) . Nonetheless, IL-7 plays a critical role in control of LCMV13 (Nanjappa et al., 2011; Pellegrini et al., 2011) . Consistently, we observed reduced downregulation of IL-7Ra (CD127) in Tnfrsf18 +/+ compared to Tnfrsf18 À/À T cells ( Figures 5D and S5C ).
Both Ly6C and CX3CR1, two markers associated with monocytes, were upregulated on Tnfrsf18 +/+ compared to Tnfrsf18
T cells at day 3 p.i. (Figures 5D and S5C) . Therefore, we co-stained CD4 + cells for Ly6C and CX3CR1 and found that the Tnfrsf18 +/+ SMARTA cells were more enriched in this population than the Tnfrsf18 À/À population ( Figure 5E ). conditional GITRL-deficient mouse, Tnfsf18 exon2fl/fl , designed to delete exon 2 and put exon 3 out of frame. We crossed Tnfsf18 exon2fl/fl mice with CMV-Cre mice to delete in all cells or with Lyz2-Cre mice to delete in myeloid cells ( Figure S6A ). Upon sequencing the Tnfsf18 cDNA from CMV-Cre + mice, we found that an alternate start site had been used, resulting in a new cytoplasmic tail and transmembrane segment, fused to an in-frame exon 3 ( Figure S6B ). This results in a predicted protein with novel transmembrane and cytoplasmic domains and lacking an 11-amino acid membrane-proximal segment of the extracellular domain that contributes to a conserved disulfide bond between Cys52 and Cys72, as well as to a partially buried b strand (Chattopadhyay et al., 2009; Zhou et al., 2008) . To investigate the expression of this mutant form of GITRL (referred to as GITRL Dexon2 ), we obtained thioglycolate macrophages from the peritoneal cavity of mice expressing wild-type Tnfsf18 or Tnfsf18 Dexon2 and treated the cells ex vivo with IFN-I to induce
Tnfsf18, followed by cycloheximide to block any new protein synthesis, allowing us to examine the stability of the WT versus GITRL Dexon2 protein at 37 C. The results showed that GITRL is stable for at least 6 hr at 37 C, whereas the mutant GITRL
Dexon2
had a half-life of less than 3 hr. We also observed a trend toward lower expression of GITRL protein at day 2 p.i. in the Lyz2-Cre +/+ 3 Tnfsf18 Dexon2 progeny immediately ex vivo, although this did not reach statistical significance ( Figure S6D ). These data showed that GITRL Dexon2 is expressed at the cell surface but is structurally altered, as evidenced by its reduced stability. Figure 6B ). Similar, albeit less substantial, effects were seen for CD25 and OX40 upregulation ( Figure 6B Figures 6C and 6D ). This effect was largely on the number of cells accumulating as previously noted (Clouthier et al., 2015) , whereas the dMFI of cytokines produced per cell was unchanged ( Figures 6C and 6D ). Taken together, the results in Figure 6 showed that GITRL Figure 6B ). Figures  7A-7D) . Moreover, the number of tetramer + and IFN-g-producing LCMV-specific CD8 + T cells was decreased early on, although not at late time points (Figures 7E-7G ). The level of PD-1 per antigen-specific CD8 + T cell was not significantly different in mice with Tnfsf18
Having established that
Dexon2 in Lyz2-Cre +/+ cells, but showed a trend toward higher levels at day 8 ( Figure 7H ). These decreased T cell responses were also associated with increased viral load in the mutant mice ( Figure 7I LCMV13-infected mice. This dichotomy was most evident for 4-1BBL and GITRL, whereas CD70 also showed significant expression on DC1 but not DC2. A similar dichotomy in expression of TNF family ligands and B7 family ligands on inflammatory APCs versus cDCs was observed in the draining lymph node after influenza virus infection. Thus this dichotomy may be a general feature of viral infections. The peak induction of GITRL protein was kinetically similar after LCMV13 infection across APC subsets, suggesting a common mode of induction. IFN-I was a key regulator of both TNF family and B7 family costimulatory molecule induction during viral infection on all APC subtypes studied here, as evidenced by similar sensitivity of B7 and TNF family induction to IFNAR blockade on most APC types. Although inflammatory APCs had a higher IFN response than cDCs, pDCs had the highest levels of IFNAR preinfection and the highest pSTAT1 at day 1 p.i. Thus, a preferential response to IFNAR signaling alone does not explain differential costimulatory molecule expression by APC subtypes. Rather, the downstream effects of IFNAR in inducing B7 versus TNF family ligands are cell type specific. This is perhaps not surprising, as the three APC subtypes represent different lineages of APCs and induction of gene transcription by interferon signaling is regulated at many levels, including differential expression of STAT proteins in different cell types, cooperation with other cell-specific transcription factors, as well epigenetic regulation of IFN response genes (Ivashkiv and Donlin, 2014) . Consistently, sorting of APC populations revealed a different pattern of Isg expression in pDCs, cDCs, and inflammatory APCs.
GITR-dependent signals were detected with delayed kinetics compared to initial TCR-dependent signals. As GITRL was highly expressed on inflammatory APCs with inferior priming ability compared to cDCs, these data suggested that the GITRL signal is provided to the CD4 + T cells after their initial priming. (Croft, 2010) and contributes to both the CD4 + and CD8 + T cell responses to control LCMV13 (Boettler et al., 2012) .
OX40 is not present on resting T cells but induced after T cell activation, whereas GITR is present on resting T cells, upregulated rapidly upon T cell activation, and maintained throughout LCMV13 infection (Clouthier et al., 2014) . Thus, early signals through GITR precede and contribute to the magnitude of OX40 upregulation. In contrast, 4-1BB, which is also found in the same cluster as OX40 and GITR, is rapidly upregulated by TCR signaling, independently of GITR expression. HVEM is normally expressed at high levels on resting T cells and downregulated with activation (Granger and Rickert, 2003) . Tnfrsf18 +/+ CD4 + T cells were more effective in downregulating HVEM in response to LCMV13 infection than Tnfrsf18 À/À T cells. HVEM biology is complicated by its binding to a TNF family ligand, LIGHT, as well as to the Ig superfamily member, BTLA (Gonzalez et al., 2005; Murphy et al., 2006; Sedy et al., 2005) . As HVEM-deficient mice show hyperactive T cell responses (Wang et al., 2005) , the dominant effect of HVEM appears to be as a negative regulator of T cell immunity. Thus the greater downregulation of HVEM on (H) PD-1 expression on GP33-41 + CD8 + T cells was analyzed.
(I) Viral titers. Data (B-D, F-I) indicate the mean ± SEM of 7-8 mice per group pooled from 2 independent experiments. Two-tailed, non-parametric unpaired t test was used for statistical analyses. See also Figure S6 .
Tnfrsf18
+/+ CD4 + SMARTA T cells expressed higher levels of CD25, the IL-2Ra subunit, than Tnfrsf18 À/À SMARTA cells.
Blocking studies have shown that IL-2 contributes to accumulation of CD4 + and CD8 + T cells during LCMV13 infection, effects that are lost in Tnfrsf18 À/À mice (Clouthier et al., 2015) . Thus the finding that GITR regulated CD25 is consistent with the requirement for IL-2 for CD4 + and CD8 + T cell expansion in the early stages of LCMV13 infection, and suggests that GITR contributes to the IL-2 response in the CD4 + T cells. IL-7 is important for maintaining naive and memory T cells (Schluns and Lefranç ois, 2003) . Although IL-7R is normally downregulated on effector T cells (Schluns and Lefranç ois, 2003) , it can nonetheless play a critical role in the outcome of LCMV13 infection (Nanjappa et al., 2011; Pellegrini et al., 2011) . Thus the finding that Tnfrsf18 À/À T cells downregulated IL-7Ra more than Tnfrsf18
T cells may be of significance to T cell numbers and viral control. CX3CR1 was more highly upregulated on Tnfrsf18
compared to Tnfrsf18 À/À CD4 + T cells at day 3 p.i. CX3CR1, the receptor for fractalkine, is associated not only with migration but also with anti-apoptotic signaling (Gautier et al., 2009; White and Greaves, 2012) . CX3CR1 is also a marker of CD8 + effector T cells (Bö ttcher et al., 2015) . CX3CR1 levels on CD8 + T cells are associated with distinct migratory properties: CX3CR1 hi CD8 + T cells patrol the vasculature, whereas CX3CR1 int CD8 + T cells enter the tissues (Gerlach et al., 2016) . CX3CR1 on Th2 cells promotes T cell survival and airway inflammation (Mionnet et al., 2010) . We also noted another monocyte marker, Ly6C, upregulated by GITR stimulation on CD4 + T cells. Of note, a Ly6C + population of CD4 + T cells is protective against Leishmania reinfection (Peters et al., 2014). Here we found that the Ly6C + Cx3CR1 + population represents the majority of Tnfrsf18 +/+ CD4 + SMARTA T cells at day 3 post-LCMV13 infection, whereas it is a minor proportion within its Tnfrsf18 À/À counterpart. CX3CR1 expression on the T cells may facilitate T cell survival or colocalization with cells expressing membrane fractalkine, potentially allowing CD4 + T cells to provide help to the CD8 + T cells, although this remains to be investigated.
Signals 1 and 2 (the peptide-MHC complex and the B7 family costimulatory signal, respectively) are critical for T cell priming (Schwartz, 1992) . A third signal, provided by cytokines such as IL-12 or IFN-I, provides an important signal 3 for T cell activation (Curtsinger and Mescher, 2010) . Here we have shown that the signal 3 cytokine IFN-I, through its differential effects on cDCs versus inflammatory APCs, sets up a dichotomy whereby the TNF family ligands are preferentially induced on the monocytederived inflammatory APCs to provide a post-priming survival checkpoint (signal 4) for T cell activation. These studies reveal a distinct function for monocyte-derived inflammatory APCs compared to cDCs in providing GITRL and potentially other TNF family ligands for the post-priming accumulation of CD4 + T cells.
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Detailed methods are provided in the online version of this paper and include the following: Bö ttcher, J.P., Beyer, M., Meissner, F., Abdullah, Z., Sander, J., Hö chst, B., Eickhoff, S., Rieckmann, J.C., Russo, C., Bauer, T., et al. (2015) . Functional classification of memory CD8(+) T cells by CX3CR1 expression. Nat. Commun. 6, 8306.
Brewitz, A., Eickhoff, S., D€ ahling, S., Quast, T., Bedoui, S., Kroczek, R.A., Kurts, C., Garbi, N., Barchet, W., Iannacone, M., et al. (2017) Pascutti, M.F., Geerman, S., Slot, E., van Gisbergen, K.P., Boon, L., Arens, R., van Lier, R.A., Wolkers, M.C., and Nolte, M.A. (2015) . Enhanced CD8 T cell responses through GITR-mediated costimulation resolve chronic viral infection. PLoS Pathog. 11, e1004675.
Pellegrini, M., Calzascia, T., Toe, J.G., Preston, S.P., Lin, A.E., Elford, A.R., Shahinian, A., Lang, P.A., Lang, K.S., Morre, M., et al. (2011) . IL-7 engages multiple mechanisms to overcome chronic viral infection and limit organ pathology. 
STAR+METHODS METHOD DETAILS Flow Cytometry
Freshly isolated spleens were processed through 70 mm cell strainers to create single cell suspension. Livers, following perfusion, as well as mediastinal lymph nodes were first digested with collagenase IV and DNase I for 45min at 37 C on a shaker prior to the use of cell strainers. All samples, where indicated, were then treated with Fc block for 10 minutes at 4 C followed by surface staining for 30 minutes at 4 C, except for MerTK and GITRL, which were stained at room temperature for 30 minutes between Fc block and the remaining surface staining. Tetramer stains with H-2D b or I-A b -restricted monomers tetramerized with streptavidin-APC were performed simultaneously with surface staining at 4 C for 1 hour. Samples from infected mice were fixed in 4% paraformaldehyde or BD Cytofix following surfacing staining. Intracellular staining, where applicable, was conducted with 30 min incubation at 4 C (with the exception of anti-LCMV NP (1.1-3) at room temperature) following surface staining described above and permeabilization with Foxp3 Transcription Factor Staining Buffer Set. For phosphoflow staining, samples were fixed in BD Phosflow Lyse/Fix Buffer followed by membrane permeabilization with either BD Phosflow Perm/Wash Buffer I for p65 and pS6 staining or BD Phosflow Perm Buffer III for pSTAT1. Phosphoflow staining was performed according to Protocol I or Protocol II/III described in BD Phosflow Protocols for Mouse Splenocytes. See Key Resources Table for the complete list of antibodies used for flow cytometry staining (i.e., surface, intracellular, and phosphoflow). Data were acquired on a Fortessa X20 and LSRII Fortessa. with FACSDiva software. FACS Aria IIu and BD Influx were used for cell sorting. Data analyses were performed using FlowJo v10.
Ex vivo Restimulation and Cytokine Staining
Splenocytes harvested from LCMV13 infected mice, where indicated in figures, were cultured in complete medium with Brefeldin A and Monensin with 1 mg/mL D b -restricted peptides: NP 396-404 , GP 33-41 , or GP 276-286 for five hours or 4 mg/mL I-A b -restricted GP 61-80 with 20U/mL rmIL-2 for five hours. Samples were subsequently permeabilized and stained intracellularly for IFNg production.
In vivo IFNAR-1 Blockade and IFNb Infusion
For in vivo IFNAR-1 blockade, 500 mg of aIFNAR-1 antibody or IgG1 isotype were injected intraperitoneally at day À1 and day 0 (total of 1mg/mouse) prior to LCMV13 infection. Alternatively, for IFNb infusion experiments, a single dose of 25,000U IFNb was injected intravenously at either day 5 or day 8 p.i
In vitro thioglycolate-elicited Macrophage Assays Mice were injected intraperitoneally with 3% Brewer Thioglycolate medium aged at room temperature for at least 3 months. Thioglycolate elicited macrophages were harvested with 10% FBS-PBS at 4 days post-injection and cultured in complete media supplemented with combinations of IFNa4, IFNb, IFNg, aIFNAR-1 antibody, IgG1 isotype control, cycloheximide and LCMV13-GFP as indicated in the figures.
LCMV13 Focus Forming Assay
Spleens were immediately frozen down at À80 C following organ harvest at day 8 and day 21 p.i. Within 4 weeks of harvest, samples were thawed on ice and homogenized. Supernatant dilutions (range 10 0 -10 5 ) were used to infect MC57 cell monolayers, and were overlaid with 2% methylcellulose-MEM 4-6 hours p.i. At 48 hours p.i., monolayers were fixed with 4% paraformaldehyde and permeabilized with 1% Triton X-100. Rat anti-LCMV mAb (VL-4) was used for LCMV-NP protein detection. Colorimetric reactions were developed with o-phenylenediamine following secondary staining with goat anti-rat-HRP. LCMV-infected foci per well were quantified following colorimetric reactions. Counts were multiplied by dilution factors and converted into foci forming units per ml (ffu/ml). In vitro Co-culture Assay Total splenocytes pooled from either 12 uninfected wild-type mice or 12 wild-type mice at day 2 p.i. were depleted of T and B cells with biotinylated anti-CD3 and anti-CD19 antibodies using EasySep Biotin Positive Selection Kit. Where indicated, APC subsets were sorted from samples by flow cytometry, and co-cultured with purified SMARTA TCR-tg CD4 + T cells in complete media supplemented with or without 100nM I-A b -restricted GP 61-80 peptides. CD4 + T cells were purified from Tnfrsf18 +/+ CD45.1 SMARTA TCR-Tg mice with EasySep Mouse CD4 + T Cell Isolation Kit, and labeled with 5 mM CFSE for 10 minutes at 37 C.
Mixed Adoptive Transfer Assays
Ex vivo aCD3 and aGITR Stimulation
Wild-type mouse splenocytes were stimulated with 1 mg/mL plate-bound aCD3 alongside 10 mg/mL aGITR or Rat IgG isotype control for 48 hours at 37 C prior to surface staining for flow cytometry analyses.
In vitro GITRL Promoter Reporter Assay
Interferon transcriptional regulation of the mouse Tnfsf18 promoter was determined using Cypridina/Gaussia-Dura dual luciferase assay. A 2-kb mouse GITRL promoter region was cloned into pMCS-Cypridina luciferase vector. An $200 bp deletion in the 2-kb GITRL promoter was made using the Q5 Site-Directed Mutagenesis Kit. pCMV-Gaussia-Dura luciferase vector was used as a normalization control. RAW264.7 cells were subsequently transfected with 2 mg of each vector via electroporation using Amaxa Cell Line Nucleofector Kit V and program D-32 on Nucleofector I device. Cells were allowed to recover for 24 h before they were stimulated with IFNa4, b or g as indicated. Luciferase activity in 20 mg of media was assayed 24-hr after IFN stimulation with BioLux Cypridina Luciferase Assay Kit and BioLux Gaussia Luciferase Assay Kit according to manufacturer's protocol. Gaussia luciferase activity was assayed first, then enzyme activity was inhibited with 0.1% SDS before Cypridina luciferase activity was measured (Wu et al., 2007) .
Tnfsf18, Isg15, Pan-Ifna and Ifnb RT 2 -PCR mRNA was extracted from mouse total splenocytes at time points indicated using TRIzol Reagent. 1 mg of total RNA was used in cDNA synthesis with M-MLV Reverse Transcriptase. Real-time PCR was performed on the CFX96 Touch Real-Time PCR Detection System using SYBR Green Master Mix. See Key Resources Table for primer sequences. All reactions were performed in triplicates and normalized to the mean of housekeeping gene GAPDH.
IFN-I Response RT
2 -PCR Array Total splenocytes pooled from 20 wild-type mice at day 1 p.i. were depleted of T and B cells with biotinylated aCD3 and aCD19 antibodies using EasySep Biotin Positive Selection Kit. pDC, inflammatory APC and cDC subsets were sorted from samples by flow cytometry. RNA was extracted using RNAeasy Mini Kit and converted into cDNA using RT 2 First Strand Kit. Samples were then prepared with RT2 SYBR Green qPCR MasterMix and read using Mouse Type I Interferon Response RT 2 Profiler PCR Array with CFX384 Touch Real-Time PCR Detection System. Analyses were performed on the RT 2 Profiler PCR Array Data Analysis system. CT threshold was set at 40 cycles; gene expression was normalized by arithmetic mean to 5 housekeeping genes-Actb, B2m, Gapdh, Gusb, Hsp90ab1. 63 of 96 genes analyzed remained following selection and are presented in ClusterGram as shown in Figure S3B . . RNA-sequencing was conducted on all 6 samples at the Centre for Applied Genomics (TCAG) at The Hospital for Sick Children (Toronto, ON). mRNA library was prepared with stranded oligoDT poly-A enrichment and paired-end sequenced in one lane on Illumina HiSeq 2500 with 46-52 million reads per sample. Adaptors and low quality regions were trimmed away with Trim Galore from the dataset. Trimmed reads were subsequently aligned to reference genome using topHat v. 2.0.11 to obtain raw read counts for differential expression analysis. Two-condition differential expression analysis was conducted with edgeR R package, v. 3.8.6. comparing all three Tnfrsf18 +/+ with three Tnfrsf18 À/À CD45.1 SMARTA TCR-Tg CD4+T cell samples. RPKM > 0.1 and FDR < 0.2 thresholds were applied and graphed using R Studio platform.
RNA-Sequencing
STATISTICAL ANALYSIS
Statistical analyses and graphs, except Figure 5B , C, were generated using GraphPad Prism v6. Paired or unpaired two tailed, non-parametric Student's t tests were applied in these graphs as detailed in their respective figure legends. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 were applied. Figure 5B , C were analyzed as described above under RNA-sequencing, using Two-condition differential expression analysis with edgeR R package and graphed with R Studio platform.
DATA AND SOFTWARE AVAILABILITY
RNA-Sequencing Dataset
Original sequencing data for each of the 6 samples have been deposited as a Sequence Read Archive (SRA), NCBI Accession: SRP116561
Mendeley Data
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